The salivary protein gene complex consists of a series of loci coding for related but distinct proline-rich proteins (PRPs) found chiefly in saliva. We have screened a library of human genomic DNA fragments in bacteriophage X Charon 4A with a PRP cDNA synthesized and cloned from rat parotid gland mRNA. Two phages (PRP1 and PRP2) hybridizing to the rat probe under moderately stringent conditions contain related but not identical DNAs. Preliminary nucleotide sequence data indicate that both DNAs include regions comprised of nearly identical tandemly repeated sequences, each able to code for about 21 amino acids. The decoded consensus repeat sequence is homologous to the repeating amino acid units found by others in human PRPs. This and other features demonstrate that these two clones are members of the PRP gene family. Polymorphic differences between the DNAs of different individuals were observed after probing digests of human genomic DNA with a HinfI fragment from PRP1. These DNA polymorphisms reflect size differences, possibly caused by frequent unequal crossing-over between the repeated units in the PRP genes.
Studies of the physical properties of the proteins of human parotid saliva (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) together with their inheritance patterns (1, 2, 19, 20) have led to the description of at least 10 discrete but genetically linked loci controlling the synthesis of a group of proline-rich proteins (PRPs) . These proteins also occur in the respiratory tract (21) , suggesting that they could have some general functions unrelated to those conventionally ascribed to saliva. The PRPs are characterized by a predominance of the amino acids proline (25 to 42%), glycine, and glutamic acid or glutamine. Together these 3 amino acids account for 70-88% of the total amino acids in the proteins (7) (8) (9) .
The unusual amino acid composition of PRPs, amino acid sequence data (13) (14) (15) (16) (17) (18) , and their genetic characteristics (1, 2, 19, 20) indicate that they are encoded by a gene family having at least 10 members and sharing a common ancestor. Human pedigree linkage data (19, 20) and studies of the DNA of human x mouse and mouse x hamster somatic cell hybrids (unpublished data) show that the structural genes of the human and murine PRP multigene families are each clustered on a single autosome in what has been called the SPC (salivary protein gene complex) (20) . The human SPC extends over a map length of about 15 centimorgans (20) . In comparison, the human major histocompatibility complex has a map length of about 1.8 centimorgans (22) . In all races studied most loci constituting the human SPC are polymorphic and are unusual in that null alleles have been found for 9 of the 10 identified loci (1, 2) . These features suggest that the SPC consists of a series of homologous tandem loci and that the high frequency of null alleles might be the consequence of frequent deletions arising by unequal crossing-over within this large gene complex.
We have begun to analyze the human SPC at the level of DNA cloning and nucleotide sequencing, and this has been facilitated by using a PRP cDNA, pRP33, synthesized and cloned from PRP mRNAs from the parotid glands of isoproterenol-treated rats (23) . Rat PRP mRNAs and their protein products are clearly homologous to human PRPs, since peptide sequences deduced from the rat PRP cDNA clone show considerable homology to human basic PRP amino acid sequences (15, 16) and to the COOH terminus of a human acidic PRP amino acid sequence (14) . In our present study the rat PRP cDNA clone pRP33 was used to isolate presumptive members of the human PRP gene family from a human genomic library. Partial nucleotide sequences and restriction enzyme patterns of two isolates, PRP1 and PRP2, are presented and both are demonstrated to be members of the PRP gene family. A subclone from PRP1 has been used to probe Southern blots of human genomic DNA. The restriction enzyme patterns of some individuals were observed to show polymorphisms for small length differences in several of the hybridizing bands.
MATERIALS AND METHODS
Rat PRP cDNA Probe, pRP33. At least 10 PRPs are found in the parotid glands of rats treated with isoproterenol, a ,3-adrenergic agonist. After 10 days of treatment with isoproterenol there is a 4-to 6-fold increase in parotid gland weight and a dramatic increase in the synthesis of PRPs, such that they constitute >50% of the total soluble protein in parotid gland homogenates (24, 25) . Preparation of PRP rat cDNA clones made from mRNAs from parotid glands of isoproterenol-treated rats has been described (23 Southern (28) , and hybridized to the radioactive probes by using conditions described previously (29) . The concentration of salmon sperm DNA was increased to 250 ug/ml to improve the signal-to-background ratio when the rat pRP33 probe was used with blots of geno- The hybridizing fragments within these 22 clones ranged in size from <1 kbp to 15 kbp, with the two most strongly hybridizing candidates (PRP1 and PRP2) having hybridizing EcoRI fragments of 6.2 kbp and 3.6 kbp, respectively. These fragment sizes from PRP1 and PRP2 correspond in sizes to the most strongly hybridizing fragments in the Southern blots of total human DNA obtained with the same probe pRP33. Since PRP1 and PRP2 are the strongest hybridizing of the 22 candidate phages and retain the probe after the most stringent washing, we chose them for further study.
Restriction Maps of Clones PRP1 and PRP2. Restriction endonuclease site maps of the EcoRI fragments contained in clones PRP1 and PRP2 are shown in Fig. 1 A and D. More detailed maps of the regions that hybridize to pRP33 are shown in Fig. 1 B and C. The restriction maps indicate that clones PRP1 and PRP2 share many features. One of the most striking common features is the occurrence within the two hybridizing regions of multiple sites for the enzyme BstNI. BstNI cuts the DNA sequence C-C-Q-G-G, which is within one of the possible coding sequences for the dipeptide ProGly, C-C-N-G-G-N. We establish below that both clones contain tandemly repeated elements in which these codons occur, hence the repeated cutting by BstNI. Another shared feature of the PRP1 and PRP2 clones is the occurrence of other restriction sites at identical positions outside the region hybridizing to pRP33. However, PRP1 and PRP2 have different EcoRI restriction maps and PRP2 contains -400 bp (base pairs) of DNA that are not present in PRP1. These features demonstrate that PRP1 and PRP2 contain related but not identical genomic sequences.
Preliminary Nucleotide Sequences of PRP1 and PRP2. The 2.2-kbp Pst I/EcoRI fragment from PRP1 that includes the hybridizing region was subcloned into the plasmid pAT153 (33); a 980-bp HinfI fragment was then isolated from the subclone and partially sequenced. A 1.9-kbp EcoRI/Hpa I fragment from PRP2 that includes the hybridizing region was also subcloned into pAT153 and partially sequenced. Preliminary sequence data from the two clones are presented in Fig. 2A . The sequences are arranged to demonstrate the relationship between PRP1 and PRP2 and to illustrate the occurrence within both clones of tandemly repeated elements coding for repeated amino acid sequences. Homologies of these repeats to the repeated amino acid sequences of PRPs described by others (14, 15, 17) are shown in Fig. 2B .
The nucleotide sequence data presented in Fig. 2A show that PRP1 and PRP2 are different but very closely related. 
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FIG. 2. (A)
Preliminary nucleotide sequences and decoded amino acid sequences of portions of the PRP1 and PRP2 genomic clones. The box indicates the regions (bases 98-741) used to derive the consensus sequence of the repetitive element. Vertical lines are placed between the PRP1 and PRP2 sequences wherever they are identical. Confirmed base differences are at bases 55, 112, and 679; other differences shown represent preliminary data. ,I = Possible acceptor splice site; r = possible donor splice site. Wherever a base substitution results in an amino acid change, the amino acid specified by PRP1 is written above the PRP1 DNA sequence. Dots represent spaces introduced to optimize alignments. Dashes represent regions of DNA that have not been sequenced. The numbering system for the sequences is arbitrary and does not take unsequenced regions into account. Within the repetitive region, PRP1 has 120 bp and PRP2 has 850 bp of unsequenced DNA. The asterisk indicates a termination codon. (B) Consensus DNA and decoded amino acid sequences of PRP1 and PRP2 (from BstNI repeats boxed in A) compared to consensus amino acid sequences from several PRPs (PrC, IB-9, and CD-I1f) described by others (14, 15, 17) . Differences from the decoded consensus for PRP1 and PRP2 repeats are underlined. X indicates the absence of a predominant amino acid at that site. The overline shows a BstNI recognition site in the consensus DNA sequence.
Medical Sciences: Azen et aL Of 296 nucleotides that can be compared in the two clones, there are three confirmed differences (G/A, C/G, and G/T at positions 55, 112, and 679) and six other possible differences, which we need to confirm by further sequencing. The two sequences are thus between 97% and 99% identical over the compared lengths. Much of PRP1 (bases 98-741) consists of a tandemly repeated element of 63 bp, each copy of which is flanked by BstNI sites. We call this repeated element a BstNI repeat because the copies are generated by cutting with this enzyme. This repeated element is also seen in PRP2. Although the 11 sequenced copies of the BstNI repeat in PRP1 and the 2 sequenced copies of the repeat in PRP2 are not identical, they are sufficiently similar to permit derivation of a consensus sequence for the BstNI repeat based on the region boxed in Fig. 2A .
In Fig. 2B we present this consensus sequence for the tandem repeats from PRP1 and PRP2 as a nucleotide sequence and as a decoded sequence of 21 amino acids, and we compare this derived amino acid sequence to the consensus amino acid sequence from the repeated portions of 3 human PRPs: PrC (14), IB-9 (15), and CD-Ilf (17), representing the acidic, basic, and glycosylated types of PRP. The amino acid consensus sequence for PRP1 and PRP2 is most like that of the repetitive portion of the basic PRP IB-9 (15), but clearly all of these proteins are closely related. Accordingly, it is highly likely that PRP1 and PRP2 are members of the PRP multigene family.
On the 5' side of the tandemly repeated 63-bp elements in both PRP1 and PRP2 the composition of the coding strand of the DNA abruptly becomes very T-rich (bases 1-97), in marked contrast to the 63-bp repeated elements. Decoding this region in the relevant reading frame yields a sequence containing several amino acids that are rare or even absent in PRPs (e.g., phenylalanine, tyrosine, and cysteine). Furthermore, at the 5' boundary of the repeated elements there is an A-G dinucleotide in a sequence context very similar to the consensus sequence of RNA splicing acceptor sites C -N-T-A-G/G (34) . These observations suggest that the PRP1 and PRP2 sequences contain an intron upstream of the tandemly repeated proline-rich part of the gene. A less likely explanation of the sequence 5' to the A-G dinucleotide is that it represents a leader peptide sequence removed during secretion of the relevant PRP.
Potential acceptor splice sites in addition to that at position 98 in Fig. 2A occur at positions 346 and 526 within the tandemly repeated portion of PRP1. There are also two potential donor splice sites at positions 313 and 493. Seven of the 10 bases at these potential donor sites fit the consensus donor sequence, C-A-G/G-T-A-A-G-T-A (34) . We cannot determine at present which, if any, of these potential donor and acceptor splice sites are functional; however, their existence raises the possibility that differential splicing may play a role in the regulation of expression of PRP1. For example, a splice from the donor site at position 313 to the acceptor site at position 346 or 526 or a splice from the donor site at position 493 to the acceptor site at position 526 would occur in frame and would lead to a decrease in the number of the tandem repeats in the translated protein.
The 3' portions of PRP1 and PRP2 (bases 742-871) do not contain the same BstNI repeat as occurs in the boxed region of PRP1 (bases 98-741). However, in this 3' region both PRP1 and PRP2 have terminator codons in identical contexts, shown with an asterisk in Fig. 2A . We presume that these terminators represent the carboxyl termini of the proteins encoded by PRP1 and PRP2.
The similarities between PRP1 and PRP2 are considerable, as indicated above by restriction map analysis ( Fig. 1 ) and sequence analysis (Fig. 2 A and B) . However, we did observe several frequent DNA polymorphisms in the EcoRI digests. These polymorphisms are typified by doublets with <1 kbp difference between the two components of each pair. Thus, in Fig. 3 , although lane 1 shows three different doublets, lane 2 has the most common pattern, in which there are no doublets. Two of the doublets almost certainly correspond to heterozygous states because the bands in each pair are approximately equal in intensity and are about half as intense as in the more common pattern containing only singlet bands (lane 2). At the present time we have studied DNAs from 24 individuals and have found frequent examples of doublets corresponding to the 3.3-, 3.6-, 4.0-, and 6.2-kbp bands. We have seen no examples of doublets corresponding to the 4.6-and 8.4-kbp bands.
The molecular basis for most (possibly all) doublet bands is the occurrence of small length differences within the PRP loci rather than mutations in restriction sites, since digestion of several of the DNAs with restriction enzymes other than EcoRI still reveals qualitatively similar patterns of doublets in all individuals tested (data not shown). This finding of frequent polymorphisms due to length differences in several DNA fragments suggests that deletions or insertions occur readily in PRP loci. This is not surprising in view of the repetitive nature of the PRP-related sequences we have described. Similar observations of length polymorphisms have been made for zein genes (35) and alleles of the fibroin gene (36) . A proline-rich salivary protein from Drosophila that shows considerable length polymorphism also has been described (37) . The repetitiveness of these sequences might well facilitate unequal but homologous crossing-over with subsequent generation of length polymorphisms within the SPC.
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